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EXPERIMENTAL

Erlotinib parameterization
The CHARMM27 force field [1] consists of the following terms:
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where K,, Ko and K, are the bond, angle and dihedral force
constants; by, 8, and yx, represent the equilibrium value of bond,
angle and dihedral; R{J!““ and g; are, respectively, the distance
between atoms i and j at which the LJ (Lennard—Jones) potential
is zero and the depth of the LJ potential well for the same pair
of atoms; D is the effective dielectric constant; and q; is the partial
atomic charge on atom i. All of these parameters need to be defined
for each atom type of erlotinib.

An erlotinib molecule is depicted in Figure S1, with atom
types labelled. As indicated in Figure S1, parameterization of
erlotinib required nine new atom types to be added to the
CHARMM topology file. Initial partial atomic charges (q;) for
these atom types were calculated using a CHELPG (CHarges
from ELectrostatic Potentials using a Grid)-based method [2] in
the ab initio electronic structure package GAUSSIAN [3], by
fitting the molecular mechanics-derived electrostatic potential
to that obtained quantum mechanically. The van der Waals
constants (R{Jf‘i" and ;) were transferred from existing CHARMM
parameters and were not modified during refinement as their
values depend mostly on atomic properties and are transferable
to the molecular environment. The equilibrium constants (b, and
0,) were obtained from optimized structures of erlotinib based
on its conformation in an erlotinib/EGFR-TKD crystal structure
[4] using ab initio calculations, and were not changed during
optimization. Initial estimates of all missing intermolecular force-
field constants K, Ky and K, , and the equilibrium constants for
the dihedral terms, namely n and §,were made based on analogy
with existing CHARMM parameters. For the carbon—carbon triple
bond in erlotinib (between CC; atoms) we first performed an ab
initio rigid potential energy surface scan along the bond length,
and then used a parabolic potential function to fit the potential
surface for an initial estimate of this bond constant.
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Figure S1 Atom types defined for erlotinib

The nine new atom types that required parameterization are shown in blue text (0S, CCs, CAQs,
CAQy, CAQs, CAQ4, NAQ;, NAQ, and NAQs).

Partial atomic charges (q;) were adjusted to reproduce inter-
action energies and geometry of hydrogen-bond donor/acceptor
atoms in the inhibitor compound with water molecules: water
molecules were placed proximal to the three nitrogen atoms
of erlotinib. Hydrogen bonds between erlotinib and these three
waters were individually optimized via ab initio calculations
using the 6-31G* basis set with fixed monomer geometries. The
partial atomic charges in CHARMM were manually adjusted to
reproduce the ab initio geometric and energetic results. Following
the strategy used in generating CHARMM force fields for other
biomolecules [1,5,6], the ab initio interaction energies are scaled
by 1.16 and the distances are offset by — 0.2A.

The force constants K,,, Ky and K, were refined by reproducing
the vibrational eigenvalues and eigenvectors from ab initio
calculations following the procedure used by Vaiana et al. [7],
which ensured that both vibrational frequencies and vibrational
modes (defined by eigenvectors) calculated from CHARMM and
those from ab initio methods match closely. In this algorithm,
the current parameter set is used for energy minimization
and the calculation of normal modes v and ¥ (eigenvalues and
eigenvectors) with CHARMM. Each of the modes is projected to
the eigenvector sets X (the corresponding quantity calculated

T These authors contributed equally to this work.

2 Correspondence may be addressed to either of these authors (email mlemmon@mail.med.upenn.edu or rradhak@seas.upenn.edu).
Co-ordinates and structure factors of the erlotinib-bound EGFR872-998)\V924R structure have been deposited with the PDB under the accession code

4HJO.

© 2012 The Author(s)

The author(s) has paid for this article to be freely available under the terms of the Creative Commons Attribution Non-Commercial Licence (http://creativecommons.org/licenses/by-nc/2.5/)
which permits unrestricted non-commercial use, distribution and reproduction in any medium, provided the original work is properly cited.



J. H. Park and others

Table S1 Water—erlotinib interactions and erlotinib dipole moment
calculated ab initio (GAUSSIAN) and using CHARMM with erlotinib
parameters

The ab initio interaction energies have been scaled by a factor of 1.16 (see the Experimental
section) and the distances are scaled by — 0.2 A. The dipole moment (measured in Debyes)
calculated by Gaussian was 4.87 and by CHARMM was 5.07.

Interaction energies (kcal/mol) Distances (A)
Hydrogen bond GAUSSIAN CHARMM GAUSSIAN CHARMM
N1...HOH —6.69 —6.61 1.93 191
N3...HOH_2 —533 —-5.30 212 2.01
NH...OHH_2 —652 —6.52 2.44 2.63

from GAUSSIAN) and a best projection (mode i in CHARMM
projecting to mode j... in GAUSSIAN), is obtained according
to two criteria: (i) there is a one-to-one correspondence of the
two-sets of eigenvectors, and (ii) [ | L =5 is a minimum.
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Then, the penalty function value is calculated by
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In the ideal case, v{ =vf, Xi-X; =38;, which implies
that the CHARMM parameter set can perfectly reproduce the
frequency spectrum from GAUSSIAN.
For the dihedral potential surface fitting, a relaxed potential
surface scan for key dihedral angle (C4-C4-N1-C6) is performed

by both CHARMM and GAUSSIAN and defined as D° , D
and the penalty function is defined as
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An automated procedure using a GA (genetic algorithm) [8]
was developed for the refinement of the intermolecular force-
field constants and the dihedral potential energy surfaces. We
iteratively repeated the procedure to refine (i) partial charges,
(ii) frequencies and eigenvectors and (iii) the dihedral surface
scan until reaching a force field with which the target data,
the water interaction, the dihedral potential energy surface
and the vibrational normal modes, calculated by CHARMM
match well with the corresponding values calculated by
GAUSSIAN. A demonstration of the successful application of
this procedure for parameterizing erlotinib is shown in Figure S2
and Table S1. This parameter set is optimized to be consistent
with the CHARMM?27 force field, and is ready to be used further
in MD simulations involving the inhibitor.

FEP

AGg and AGy (see Figure S3) for the effects of the L834R
mutation were calculated by the FEP method [9], using the
alchemical free energy method in NAMD 2.7b2 [10] with
the dual-topology paradigm. For each state (bound or unbound),
FEP calculations were performed in both forward and backward
directions to ensure convergence and to obtain error bars. For
each direction, the perturbation was divided into 72 windows

© 2012 The Author(s)
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Figure S2 Target data matching between electronic structure (GAUSSIAN)
and molecular mechanics calculations (CHARMM)

(R) One-to-one correspondence of frequencies. The frequencies are matched based on
eigenvectors. (B) The Dihedral surface energy scan.

[A=0,10"%10% 107*% 1073, 102, 0.005, 0.01, 0.015, 0.02,
0.03-0.1 (with an interval of 0.01), 0.1-0.9 (with an interval of
0.02), 0.9-0.98 (with an interval of 0.01), 0.098, 0.0985, 0.099,
0.995, 0.999, 0.9999, 0.99999, 0.999999, 1]. In each window, the
system was equilibrated for 20 ps and run for another 100 ps
for data collection. Larger window sizes and longer simulations
were also tested to ensure that this set-up provides reasonable
convergence in the final binding affinity. To avoid ‘end-point
catastrophes’ [11], the soft-core potential was used to gradually
scale the unbonded interaction potential. For appearing particles,
van der Waals interactions were linearly coupled to the simulation
from A = 0 (fully decoupled) to A = 1 (fully coupled), and
electrostatic interactions were coupled to the simulation over the
range A = 0.5 to A = 1. For the vanishing particles, the van der
Waals interactions were linearly decoupled from the simulation
over the value range O to 1, and the electrostatic interactions were
decreased gradually from A =0to A = 0.5.

RESULTS AND DISCUSSION
Erlotinib binding to active EGFR-TKD

To investigate the basis for possible preferential binding of
erlotinib to the active conformation of EGFR-TKD, we used
computational approaches. We first docked erlotinib on to
two different wild-type active conformation EGFR-TKD crystal
structures using the docking algorithm Glide [12] (see the
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Figure S3 Thermodynamic cycle for calculating change in erlotinib binding
energy caused by EGFR-TKD mutation

The change in AG for drug binding caused by an EGFR-TKD mutation (A A Gwr—.myt) can be
calculated based on this thermodynamic cycle as the difference between the free energy changes
caused by the particular mutation in the bound state (A Gg) and the unbound state (A Gy).

Experimental section in the main text). One structure was an
EGFR-TKD-erlotinib complex (PDB entry 1M17 [4]) and the
other was an active conformation of EGFR-TKD with bound
pINH]ppA (adenosine 5'-[8,y-imido]triphosphate) (PDB entry
2ITX) [13]. In both cases, erlotinib was predicted to bind in a
very similar orientation to that seen crystallographically [4], as
shown in Figure S4, with N1 of the erlotinib quinazoline moiety
accepting a predicted hydrogen bond from the amide nitrogen of
Met’®. The docked structures were subjected to MD simulations
(see the Experimental section in the main text), which showed that
erlotinib is stable in the location shown in Figure S4 throughout
the entire course of a 10 ns run (Figure S5). The aniline moiety
remains in a pocket defined by Leu (not shown), Lys”' and
Thr’®, whereas the ‘tails’ of the erlotinib molecule are quite
flexible. In our MD simulations, two water molecules (cyan W1
and W2 in Figure S4) entered the binding pocket and formed
a stable network of hydrogen bonds involving residues Thr’®,
GIn" and Thr®* after the initial 2 ns of equilibration. W1 is also
seen in the published crystal structure (magenta in Figure S4), and
forms a predicted hydrogen bond with both the N3 nitrogen of the
erlotinib quinazoline moiety and the side-chain hydroxy group of
the gatekeeper residue Thr’®. The second water molecule seen in
our model (W2), but not observed in the 2.6 A resolution crystal
structure [4], appears to bridge W1 to the carbonyl oxygen of
GIn". Very similar observations were made when erlotinib was
docked similarly on to the structure of EGFR-TKD harbouring
a L834R activating mutation (PDB entry 2ITZ [13]), with the
modelled inhibitor overlaying almost exactly with that seen in
Figure S4, and with the same water involvement in binding seen
in a subsequent MD run (Figure S5, green trace). A very similar
hydrogen-bonding network involving two water molecules was
reported in a previous computational study using a different force
field [14], lending further confidence to these results.

Comparison of erlotinib binding to wild-type and L834R EGFR-TKD

To compare the erlotinib-binding affinities of wild-type and
L834R-mutated EGFR-TKD, we calculated the absolute binding

© 2012 The Author(s)

I Erlotinib in active EGFR-TKD crystal structure
Erlotinib in active EGFR-TKD mode/

Figure S4 Erlotinib binding to active EGFR-TKD in the crystal structure and
model

Erlotinib is shown bound to active EGFR-TKD in our computational model (cyan) and in the
erlotinib/EGFR-TKD (active conformation) crystal structure reported in PDB entry 1M17 [4]
(magenta). Functional groups in several EGFR-TKD residues that interact directly or indirectly
with the bound erlotinib are shown, and the cartoon from only 1M17 is shown. The backbone
amide of Met® donates a hydrogen bond to N1 of the erlotinib quinazoline moiety. The
backbone carbonyl of GIn™" and side chains of Thr'® and Thr¥0 participate in a
hydrogen-bonding network to which water molecules (W1 and W2 in our model; W1 in 1M17)
also contribute. The Lys™! and Asp®' side chains are shown for reference. Polypeptide in the
foreground has been removed for clarity.

Table 82 Cumulative free energy in forward and backward directions for
the bound and unbound states in FEP calculations

Direction AGg AGy AAG
Wild-type— L834R 41.714 41.033 0.681
L834R— wild-type — 40556 — 39575 —0.981

energy using both the Glide docking package [12] and MM/PBSA
calculations (see the Experimental section), as listed in
Table 2 of the main text. The Glide docking scores and MM/PBSA
energies are very similar for both wild-type EGFR-TKD and
the variant containing the L834R activating mutation. To further
interrogate possible differences, we also calculated the relative
binding affinity difference based on the thermodynamic cycle
in Figure S3 and FEP calculations. In the FEP calculations,
the Helmholtz free energy difference between wild-type EGFR-
TKD and the L834R system for the bound and unbound states
(AGg and AGy respectively) were calculated in both forward and
backward directions to check for convergence. The cumulative
free energy differences are shown in Figure S6 (see also Table
S2). The calculated A AGyr_,my Values are 0.68 kcal/mol and 0.98
kcal/mol respectively in the forward and backward directions,
again indicating that erlotinib binds with a very similar affinity to
wild-type and L834R-mutated EGFR-TKD.
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Figure S5 RMSD of erlotinib and key distances between EGFR-TKD and erlotinib, as well as the distance of waters from EGFR-TKD or erlotinib monitored

during a 10 ns MD simulation

Data for the wild-type active-conformation simulation are blue, and data for the L834R (active conformation) simulation are green. Data from the first 2 ns (pre-equilibration) are not shown.
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Figure S6 Cumulative free energy (kcal/mol) calculated in FEP studies for
bound and unbound systems in both forward and backward directions

The backward direction energies were scaled to the same zero point as the forward direction. For
the FEP calculations, the van der Waals and electrostatic interactions are separately scaled.
For appearing particles, van der Waals interactions are linearly coupled to the simulation from
A =0 (fully decoupled) to A = 1 (fully coupled), and electrostatic interactions are coupled
into the simulation over the range A = 0.5 to A = 1. For vanishing particles, van der Waals
interactions are linearly decoupled from the simulation over the value range of 0—1, and the
electrostatic interactions are decreased gradually fromx =0to A = 0.5.
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Figure 87 Comparison of RMSD values for critical hydrogen bonds in active
and inactive wild-type simulations

Values for the distance between N1 of the erlotinib quinazoline moiety and Met’™®®, as well as
the distance from erlotinib N3 of the three waters shown in the model in Figure 3(A) of the main
text were monitored during the 10 ns simulation (omitting the first 2 ns), and are plotted in
green. For comparison, data for the wild-type active EGFR-TKD conformation (as in Figure S5)
are shown in blue.
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